Abstract Bifurcation analysis and stability design for aircraft longitudinal motion are investigated when the nonlinearity in flight dynamics takes place severely at high angle of attack regime. To predict the special nonlinear flight phenomena, bifurcation theory and continuation method are employed to systematically analyze the nonlinear motions. With the refinement of the flight dynamics for F-8 Crusader longitudinal motion, a framework is derived to identify the stationary bifurcation and dynamic bifurcation for high-dimensional system. Case study shows that the F-8 longitudinal motion undergoes saddle node bifurcation, Hopf bifurcation, Zero-Hopf bifurcation and branch point bifurcation under certain conditions. Moreover, the Hopf bifurcation renders series of multiple frequency pitch oscillation phenomena, which deteriorate the flight control stability severely. To relieve the adverse effects of these phenomena, a stabilization control based on gain scheduling and polynomial fitting for F-8 longitudinal motion is presented to enlarge the flight envelope. Simulation results validate the effectiveness of the proposed scheme.
Introduction
Longitudinal control stability is an extremely important property for modern fighter. Aircraft deficient in longitudinal control stability is susceptible to enter high angle of attack (high AOA) regime, and suffers stalling, pitching up, tail buffeting, deep stalling and departing, 1 etc. These unstable high AOA phenomena threaten the flight safety severely. However, because of highly nonlinear aerodynamic or inertial effects occurring at high AOA regime, there are no well-developed methods to systematically analyze and effectively stabilize the high AOA phenomena.
Due to the powerful analysis capability for the nonlinear dynamics, bifurcation analysis has been applied to the flight dynamics for several decades. Early in 1966, equilibrium bifurcation was adopted to manifest the mechanism of deep stall for T-tailed aircraft. 2 With the wide application of bifurcation to flight dynamics, numerical method such as continuation, was adopted to analyze the bifurcation property of a variable sweep fighter, 3 and the global natures of some specific phenomena such as stall departure, spin entry, flat and steep spin, nose slice and wing rock were revealed one after another. Similarly, bifurcation was utilized to study the free-to-pitch motion at a large mean AOA, 4 and showed that when the mean AOA increases beyond a critical value, the aerodynamic damping vanishes and the pitch oscillation happens. Bifurcation theory and continuation method have also been applied to fighter aircraft. The behavior of the F-16 at high AOA was predicted successfully by bifurcation while the alpha limiter was disengaged. 5 Apart from the application for F-16, the global stability and bifurcation analysis methods were applied to F-4, F-14, F-15 and a high incidence research vehicle (HIRV) for different nonlinear flight dynamics problems, 6 such as nonlinear phugoid motion, deep stall, roll coupling, stall and spin, etc. Meanwhile, bifurcation method was used to analyze the nonlinear phenomena of F-8 longitudinal motion. 7 Both stationary and dynamic bifurcations were studied at some critical values of elevator and the probable phenomena of bifurcation were discussed. Meanwhile, a bifurcation analysis of polynomial models for Chinese aircraft F-8 longitudinal motion at high AOA is shown. 8 To investigate the flight stability under some constraints, 9 extended bifurcation and continuation was developed.
To enlarge the flight envelope, many scholars have devoted themselves to investigating the nonlinear control of aircraft. These studies can be classified into two branches, one focuses on the aid of bifurcation analysis to efficient controller design, and the other concentrates on the development of nonlinear controller design tools. Early in 1998, bifurcation methods were employed to aid nonlinear dynamic inversion control law design 10 by Littleboy and Smith. With the aids of equilibrium analysis on identifying instabilities that cause aircraft departure into spin region, the dynamic inversion control is formulated to satisfy the specifications of the flight qualities. In recent years, Khatri et al. 11 integrated bifurcation analysis with sliding mode control to construct maneuvers for F-18 HIRV. Apart from the bifurcation aided controller design methods, plenty of nonlinear controller design tools have been employed to design stability controller for nonlinear flight dynamics, such as feedback linearization, 12 dynamic inversion, [13] [14] [15] [16] sliding mode control, 16 neural networks, [17] [18] [19] [20] back-stepping 15, [18] [19] [20] and gain scheduling, 21 etc. To stabilize a super maneuverable aircraft, Snell et al. 13 separated the flight state variables into slow variables and fast variables, and then adopted dynamic inversion to design controllers. To enhance the system robustness, Adams et al.
14 developed a controller by combining dynamic inversion with structured singular value synthesis to achieve desired flight qualities and ensure robustness to high AOA flying uncertainties. To decrease the inner loop gain of dynamic inversion, Lee and Kim 18 showed a nonlinear adaptive flight control using back-stepping controller to stabilize all state variables simultaneously and neural networks to compensate for the aerodynamic modeling errors. However, this method was not applied to guarantee the high AOA flight safety.
Bifurcation analysis and efficient controller design for nonlinear flight dynamics have been investigated for many years. However, there are still some problems needing to be solved. Firstly, systematic analysis for high-dimensional flight dynamics is urgently required to be investigated. Secondly, controllers are required to be designed to stabilize the high AOA flight over large flight envelope. To solve the aforementioned problems, this paper proposes a theoretical framework for F-8 longitudinal motion to identify stationary bifurcation and dynamic bifurcation. To ensure flight safety, a controller is given to stabilize the F-8 longitudinal motion over large flight envelope.
Flight dynamics refinement
The aircraft dynamics with high AOA takes on strong nonlinearities in aerodynamic and inertial terms. To establish the longitudinal dynamics, two assumptions are provided.
(1) The drag force and the total engine thrust are almost balanced in the axial direction. (2) The normal project of the total engine thrust is insignificant compared with the lift force or the weight.
With these assumptions, the F-8 Crusader longitudinal motion 22 is given by Eq. (1).
where u and w are the velocity in x-axis direction and the velocity in z-axis direction, respectively. h is the pitch angle and q the body-axis pitch rate. a and a t are the wing AOA and the tail AOA, respectively. L w and L t are the wing lift and the tail lift, respectively. M w is the wing moment, l w the distance between the wing aerodynamic center and the aircraft center of gravity, l t the distance between the tail aerodynamic center and the aircraft center of gravity, I y the pitch moment of inertia, n the coefficient of the damping moment, g the gravitational acceleration, m the aircraft mass and h the altitude. The related parameters and formulas are given as According to the flight dynamics, the wing lift and tail lift are given by L w ¼ C lw qS w and L t ¼ C lt qS t ; where S w = 34.839 m 2 , 
Bifurcation analysis for longitudinal motion
To analyze the local stability over different airspeeds, the bifurcation analysis is employed to determine the system equilibrium and identify the stationary and dynamic bifurcations.
Equilibrium determination
Consider a system of the form _ x ¼ fðx; kÞ, x e R n , k 2 R and the equilibrium
. It means the system states will keep invariant until the input changes or some interference happens, if the system states initially stay at the equilibrium. The equilibrium of system in Eq. (2) can be determined by the solutions of Eq. (3).
When d e is given, the equilibria of the AOA and pitch angle can be calculated by solving Eq. (3).
The equilibria are usually called pseudo equilibria to distinguish from the trim states. The trim states can be obtained in the flight testing. If the aircraft keeps level straight flying and the cockpit indicators show sufficient small accelerations and angular rates, then the current flight states approximate the trim states with an acceptable accuracy. However, the unstable section of the pseudo equilibria cannot be determined by flight testing.
Considering fðx; kÞ ¼ 0 nÂ1 as a general form of Eq. (3), then the vector filed x i can be iterated precisely to x þ i (the precise solution of fðx; k i Þ ¼ 0 nÂ1 ) by Newton-Raphson method. When the initial vector field x 0 i is given, the equilibrium of fðx; kÞ ¼ 0 nÂ1 at k i can be iterated by Eq. (4).
where x n i is the nth step value of the solution for fðx; kÞ ¼ 0 nÂ1 . However, if the initial value is far away from the equilibrium, it is time-consuming to get the accurate solution. Fortunately, Davidenko 23 proposed an effective way to predict a coarse equilibrium x 0 i . The predicted formula is given by Eq. (5).
Once the accurate equilibrium of system Eq. (5) is determined, the bifurcation diagram of the state equilibrium and the parameter will be drawn. To identify special bifurcations, it is essential to expand the dynamics of system in Eq. (5) around the equilibrium ða 0 ; h 0 ; 0;
, then the expanded form of system Eq. (5) with the fourth order accuracy is shown by Eq. (6).
where
and c q ¼ @ _ q= @q are the partial differentials around ða 0 ; h 0 ; 0; d e0 Þ.
Stationary bifurcation
Saddle node bifurcation, transcritical bifurcation and pitchfork bifurcation are the typical stationary equilibrium bifurcations. Saddle node is the point where the source path and the sink path of the equilibrium coalesce. Transcritical bifurcation happens when two equilibria exchange their stability properties at a common point, but continue to exist both before and after the bifurcation. Pitchfork bifurcation takes place when one equilibrium path forks out three equilibrium paths at the bifurcation point. Generally, the transcritical bifurcation and the pitchfork bifurcation are regarded as the branch point bifurcation. The onsets of these stationary bifurcations require a zero eigenvalue, and a criterion to monitor and represent these stationary bifurcations is given by Lemma 1.
Lemma 1.
24,25 Consider a system of the form _ x ¼ fðx; kÞ, x e R n , k 2 R. If fðx; kÞj ðx0;k0Þ ¼ 0 nÂ1 , and only one eigenvalue of L ¼ @fðx; kÞ=@xj ðx0;k0Þ is zero, then a stationary bifurcation may take place. Let l and r be the left and right unit
Then the system undergoes a saddle node bifurcation at k ¼ k 0 ; if a-0 and b-0. The system undergoes a transcritical bifurcation at k ¼ k 0 ; if b-0 and c-0. The system undergoes a pitchfork bifurcation at
where e i is the ith column of an n · n identity matrix. Given a sufficient small positive variable e > 0, the approximated stationary bifurcation curves around ðx 0 ; k 0 Þ are shown by Eq.
.
where k sn ; k t and k p are the parameter of the saddle node bifurcation, the transcritical bifurcation and the pitchfork bifurcation, respectively. Once the equilibrium of F-8 longitudinal motion is obtained, the Jacobian matrix L around ða 0 ; h 0 ; 0; d e0 Þ and the corresponding characteristic equation are given by Eqs. (9) and (10) 
According to Routh-Hurwitz criterion, the system is locally stable if condition in Eq. (11) is satisfied.
Since the onset of stationary bifurcation requires a zero eigenvalue, then c a l h ¼ 0 is expected, thus four cases are given to discuss the onset of the two typical stationary bifurcations.
Case 1. l h -0 and c a -0 Since c a l h ¼ 0 cannot hold, then the F-8 longitudinal motion does not undergo any stationary bifurcations and the system local stability is entirely determined by condition Eq. (11). Case 2. l h ¼ 0 and c a " 0 As one of the eigenvalues of F-8 longitudinal motion is zero, it is necessary to calculate the left and right unit eigenvectors of L and the related coefficients to detect the onset of the stationary bifurcation. 
where d esn is the tail deflection of the saddle node bifurcation. Since c ¼ 0 in Eq. (12) violates the genericity condition of the transcritical bifurcation and the pitchfork bifurcation, then the system does not undergoes the branch point bifurcation when l h ¼ 0 and c a " 0.
Case 3. l h -0 and c a ¼ 0
Since a zero eigenvalue of F-8 longitudinal motion exists, it is meaningful to compute the left and right unit eigenvectors of L and the related coefficients to monitor the genericity condition of the stationary bifurcation. 
where 
Due to the violation of genericity conditions of the stationary bifurcation, the system will not undergo saddle node bifurcation or branch point bifurcation at d e = d e0 .
Dynamic bifurcation
Hopf bifurcation is regarded as a generic dynamic bifurcation if the system has a pair of pure imaginary eigenvalues. The onset of the Hopf bifurcation is the transition of a pair of complex eigenvalues across the imaginary axis of the complex plane at certain bifurcation parameter. Lemma2 offers a criterion to monitor the onset of Hopf bifurcation.
Lemma 2.
24 Consider a system of the form _ x ¼ fðx; kÞ, x e R n , k 2 R. If ðx 0 ; kÞ satisfies the balance condition fðx; kÞj ðx0;kÞ ¼ 0 nÂ1 and suppose that L ¼ @fðx; kÞ=@xj ðx0;kÞ comprises a pair of complex eigenvalues rðkÞ AE jbðkÞ, then the 3rd-order Poincare Birkhopf form is given by Eq. (17)
Then the system undergoes a Hopf bifurcation
If the system equilibrium of F-8 longitudinal motion is determined, then the system Hopf bifurcation will be analyzed. 
In some cases, the saddle node point and the Hopf point are coincided at a common bifurcation point, who is called Zero Hopf bifurcation. According to the physical phenomena, the Zero Hopf bifurcation takes place if the system consists of a zero eigenvalue and a pair of pure imagery eigenvalues. Thus the onset of the Zero Hopf bifurcation can be identified by the onset condition of both the saddle node bifurcation and the Hopf bifurcation.
Numerical bifurcation methods for high dimensional system
There are several difficulties existing in applying the theoretical framework to more complex flight dynamics. For example, too many system parameters cause the dimension of the classified discussing cases to increase exponentially, and it is too difficult to evaluate the concrete expressions of related parameters, etc. Since the analytical analysis for complex flight dynamics are too difficult to realize, the numerical bifurcation methods are developed to show the bifurcation characteristics. The steps to execute the numerical bifurcation methods are:
Step 1. Initial the state x 0 0 ; the bifurcation parameter k 0 and the steps h.
Step 2. Use Eq. (4) to get the pseudo equilibria x þ i at k i by solving the balance equations. The iterations is terminated if kx
where d x and d f can be set as 10 À6 .
Step 3. Calculate the jacobian matrix around the pseudo equilibria
If one of the eigenvalues of L is zero, then go to Step 5 to detect whether stationary bifurcation will take place. If L has a pair pure imagery eigenvalues, then go to Step 6 to detect whether Hopf bifurcation will happen. The real parts of the eigenvalues are confirmed to be zeros if their absolute values are less than d eig , where d eig can be set as 10 À3 .
Step 5. Calculate l and r and the related parameters (a, b, c and d), then determine the stationary bifurcation type (saddle node bifurcation, transcritical bifurcation or pitchfork bifurcation) according to Lemma 1. If we continue to assess the characteristics of the system, go to Step 7, or stop the program.
Step 6. If the eigenvectors w re AE jw im , w 1 ; w 2 ; . . . ; w nÀ2 of L correspond to the eigenvalues AEjx, r 1 ; r 2 . . . r nÀ2 ; then let x ¼ ½w im ; w re ; w 1 ; w 2 ; Á Á Á ; w nÀ2 y, and the vector field _ x ¼ fðx; uÞ on the center manifold is given by 
f. Then the first Lyapunov exponent will be obtained by Eq. (20) , where 1 is constrained by 1 % H 11 y
2 =2 and the stability of Hopf bifurcation will be determined. If we continue to assess the characteristics of the system, go to Step 7, or stop the program.
Step 7. Update x 0 iþ1 and k iþ1 by Eq. (5) and k iþi ¼ k i þ h. Go to Step 2 for next loop. The high-dimensional flight dynamics can be analyzed according to the above steps by numerical methods.
Numerical analysis of nonlinear phenomena
To analyze the special nonlinear dynamics of F-8 Crusader longitudinal motion, the airspeed and the tail deflection are selected to be the pivotal parameters. As for the equilibrium bifurcation, two flight cases, i.i., constant airspeed flights at Mach numbers of 0.85 and 0.52 Mach are investigated, and the bifurcation diagram of the balanced flight states with the tail deflection is presented. Subsequently, the special bifurcation condition determined by the airspeed and the tail deflection is given and some special bifurcation phenomena are discussed. The bifurcation diagrams for the equilibrium paths of pitch angle and AOA over tail deflection are illustrated by Fig. 1 , where Hb represents the Hopf bifurcation, LP the saddle node bifurcation, UEPs the unstable equilibrium points, SEPs the stable equilibrium points and ULCs the unstable limit cycles. When F-8 flies at the high AOA regime and the d e increases from À0.2 to À0.113268 rad, the F-8 longitudinal motion comprises of two equilibrium paths for pitch angle and a single path for AOA. The upper path for pitch angle is unstable while the lower path for pitch angle is stable. It should be noted that the lower equilibrium path for pitch angle is unstable in practice, since the flight path angle reaches almost Àp/2 rad and the velocity cannot hold constant any more. When d e stays at À0.113268 rad, the system undergoes a Hopf bifurcation. The system suffers adverse effect of the ULCs when d e varies over the range of [À0.1266382, À0.1132676] rad. With the increment of d e , a parabolic path for pitch angle and a straight path for AOA are obtained. The parabolic path is unstable and the straight path is stable; both paths exist only if d e alters within [À0.113268, À0.104231] rad. When F-8 flies at the low or moderate AOA regime, the system has equilibrium paths only if d e ranges from À0.008950 to 0.008950 rad. The system undergoes another LP bifurcation when d e is set as À0.008950 or 0.008950 rad. Similarly, the longitudinal motion of F-8 includes two equilibrium paths for pitch angle and only one path for AOA with d e 2 [À0.008950, 0.008950] rad. The upper equilibrium path for pitch angle is unstable while the lower path is stable around the right lower side LP point. Fig. 2 shows the amplitudes and periods of the ULCs for F-8 longitudinal motion, where NS is the Neimark-Sacker bifurcation, LPC the limit point cycle bifurcation and BPC the branch point cycle bifurcation. As Fig. 1 shows, the initial point is selected as the Hopf (lower) point, then a NS (Neutral saddle) bifurcation is detected when d e is À0.1138072 rad and the system oscillation period is 2.703922 s. With the decrement of d e , an LPC is identified subsequently. The oscillation amplitude and period reach the maximum when the system undergoes LPC. When d e increases reversely, a BPC is detected when d e stays at À0.1132676 rad. It is interesting to note that the oscil- The equilibrium bifurcation diagrams of pitch angle and AOA for F-8 longitudinal motion at 0.52 Mach are demonstrated by Fig. 3 . During the high AOA regime, the F-8 longitudinal motion comprises of two equilibrium paths for pitch angle and only one equilibrium path for AOA when d e changes from À0.2 to À0.107045 rad. The upper equilibrium path for pitch angle is unstable while the lower equilibrium path for pitch angle is stable. It should be noted that the lower equilibrium path for pitch angle is unstable in practice, since the flight path angle reaches almost Àp /2 rad and the velocity cannot hold constant any more. When the d e reaches À0.107045 rad, the system undergoes a Hopf bifurcation. When d e alters from À0.1076315 to À0.0813986 rad, the system suffers the adverse effect of the ULCs. No equilibrium paths for F-8 longitudinal motion are identified when d e ranges from À0.082282 to À0.047507 rad. At the low or moderate AOA regime, LP bifurcations are monitored when d e stays at À0.047507 or 0.047507 rad. There are two equilibrium paths for the pitch angle, and the upper one is unstable while the lower is stable. Comparing Fig. 1 with Fig. 3 , it is clear to see that the lower the airspeed is, the more closely the Hopf point and the saddle node cluster. Fig. 4 shows the amplitudes and periods of the ULCs for F-8 longitudinal motion at 0.52 Mach. As shown by Fig. 4 , with the Hopf (lower) point as initial, a BPC is detected when d e is À0.1070449 rad. With the decrement of d e , both the oscillation amplitude and period are augmented and a LPC is detected when d e reaches À0.10763151 rad. With the reverse increment of d e , the oscillation amplitude increases firstly and declines later on, while the oscillation period varies in the opposite directions and another LPC is identified when d e reaches À0.0813986 rad. With the reverse decrement of d e , both the oscillation amplitude and the period are declined dramatically, and an NS and another LPC are identified subsequently. At the LPC, both the oscillation amplitude and the period are declined to their minimum values. When d e increases firstly and decreases later on, both the oscillation amplitude and period are increased, and the system undergoes another LPC and NS one after another. With the decrement of d e , both the oscillation amplitude and period show an initial increase followed by a decline. Another NS and LPC are detected at d e = À0.1057696 rad and d e = À0.1070661 rad. With the reverse increment of d e , both the oscillation amplitude and period are decreased, and a LPC is detected at d e = À0.1067369 rad.
Comparing Figs. 1 and 2 with Figs. 3 and 4 , it is clear to see that the variation of the airspeed results in the change of bifurcation diagrams. In order to investigate the relationship between airspeed and the special bifurcations, Fig. 5 show the conditions of airspeed and tail deflection for the onset of Hopf bifurcation and saddle node bifurcation, where ZH is the Zero Hopf bifurcation and BP1 is the branch point bifurcation. The condition for the onset of Hopf bifurcation shown in Fig. 5(a) is that the lower the airspeed is, the smaller the absolute tail deflection is. As for Fig. 5(b) , the saddle node bifurcation paths on the right side of BP1 reflect the right saddle node point in Fig. 1(b) and Fig. 3(b) . When airspeed decreases, the onset of right saddle node bifurcation requires the absolute tail deflection increase. The saddle node bifurcation paths on the left side of BP1 reflect the left saddle node point on Fig. 1(b) and Fig. 3(b) . The onset of the left side saddle node bifurcation requires the tail deflection increase when the airspeed decreases. Fig. 5(b) shows some special bifurcation such as ZH and BP1. With the BP1 point as initial, the equilibrium paths for pitch angle and AOA are given by Fig. 6 , where BP is the branch point bifurcation. It is obviously to note that the left equilibrium path and the right equilibrium path cross at BP, and the system undergoes BP at this point. Meanwhile, there are four Hopf points at the left equilibrium path, and two independent ULCs are generated. With the ZH point as initial, the equilibrium paths for pitch angle and AOA are illustrated by Fig. 7 . It is obviously to note that two Hopf point and a saddle node point coincide at ZH, and the two ULCs cross at the saddle node point. According to Fig. 5(b) , when Mach decreases to 0.4916, the left saddle node and the right saddle node coa- lesce at a branch point, who disappears when Mach continuously decreases below 0.4916. Comparing Fig. 6 with Fig. 7 , the topology of the bifurcation diagram changes as Mach varies. The aforementioned physical phenomena show that the F-8 longitudinal control stability is not enough and some dangerous phenomena take place to threat the flight safety. Particularly, the ULCs make the pilots anxiously to control the fighter. Thus it is meaningful to design an effective controller to enlarge the flight envelope.
Stabilizer design
To promote the flight qualities, an effective controller based on gain scheduling and linear optimum control is presented. To keep the aircraft level straight flying, the controller is implemented by the following steps. Firstly, we establish the relationship between the trimmed flight states and the airspeed by bifurcation diagram. Then we linearize the system around the trimmed values at different airspeed and solve the corresponding Riccati equations to obtain the gain of the linear optimum control. Finally, we establish the relationship between linear optimum control gain and the airspeed by polynomial fitting, thus an effective stabilization controller is formed. Let the trimmed value of AOA be the same as the value of the pitch angle, then according to Eq. (3), the trimmed values of AOA and tail deflection with airspeed variation can be obtained. With the decrement of airspeed, the trimmed value of AOA increases while the trimmed value of the tail deflection decreases. To fit the trimmed values over airspeed with moderate accuracy, a third order polynomial fitting is employed, such as a trim ¼ 
In order to enlarge F-8 stable flying region, linear optimum control is employed. The optimum gain is obtained by minimizing the quadratic performance index
; then the optimum gain is given as
where Q is set as 0.25I 3 and P v a positive definite symmetric matrix and the solution of A
Then the law for the linear optimum gain over airspeed can be obtained. The gain for pitch error keeps 0.5 invariant when the airspeed varies. However, the gains for AOA error and pitch rate error decrease with the increment of airspeed. It is straightforward to set k h ¼ 0:5 and employ third-order polynomials to fit the gains for AOA error and pitch rate error over airspeed. The third-order polynomials can be chosen as k a ¼ P 3 i¼0 q ai v i and k q ¼ P 3 i¼0i v i , where the coefficients are given by q a0 ¼ 0:2350, q a1 ¼ À0:3403 Â 10 À2 , q a2 ¼ 0:163 Â 10 4 , q a3 ¼ À0:2887 Â 10 À7 ;0 ¼ 1:049;1 ¼ À0:5119 Â 10 À2 ;q q2 ¼ 0:176 Â 10 À4 andq q3 ¼ À0:22Â 10 À7 . In order to validate the effectiveness, two flight cases are studied, one focuses on the variation of the airspeed, and the other concentrates on the variation of the flight states at certain airspeed. 
Conclusions
(1) The onset conditions of the stationary and dynamic bifurcation for F-8 Crusader longitudinal motion are derived theoretically via the bifurcation theory. Numerical analysis for F-8 shows that the tail deflection required for the onset of Hopf bifurcation, the distance of the saddle node at low or moderate AOA regime and the oscillation of the unstable limit cycle are all reciprocal to the airspeed. (2) The proposed linear optimum control scheduled by polynomial fitting is effective to suppress the adverse effects rendered by the nonlinear flight phenomena and stabilize the flight dynamics over large variation of airspeed. However, the dynamic behavior of the system consisting of aircraft and controller cannot be confirmed only by numerical simulation, and the control bifurcation analysis for uncertain aircraft model will be done in our future work. 
